Abstract: Epoxidised natural rubber (ENR) latex could be prevulcanized by employing tert-butyl hydroperoxide/fructose system. By applying the phase transfer/bulk polymerization/ transmission electron microscopy (TEM) technique, the uniform crosslink distribution in peroxide-prevulcanized (PP) ENR particle was observed. However, the membrane layer of protein-lipid complex, originally existing at rubber particle surface, could not be detected. Results implied that the alkoxy radicals penetrated throughout the rubber phase. The diffusion rate of radicals should be equal to that of vulcanization. Under TEM, the uniform mesh-like particle and cluster of the rubber chains were observed in PP(NR/ENR) while micrographs of PP-NR/PP-ENR blends showed only the crosslinked particles whose structure correlated well with that of PP-NR.
Introduction
In order to enhance the physical properties of the final products, natural rubber (NR) latex must be prevulcanized by sulphur, peroxide or γ-radiation system. Besides carbon-carbon linkage in the two latter systems which provides good compression set and heat stability of rubber goods, the crosslink distribution inside each particle controls the product properties. A coherent film would not be achieved if the particles are highly crosslinked near their surface whereas homogeneously crosslinked particles fuse well and form a film with optimum physical properties [1, 2] . In order to elucidate the internal morphology of prevulcanized NR latex particles, the phase transfer/bulk polymerization/transmission electron microscopy (TEM) technique has been successfully applied [2] [3] [4] [5] . The negatively charged latex particle was titrated with an aqueous solution of a cationic surfactant, e.g., benzyldimethylhexadecylammonium chloride (BHAC), in the presence of styrene. At the end point, the neutralized particles transferred from the lower aqueous phase into the styrene upper phase. The styrene containing swollen rubber particles was then polymerized and the specimen could be sectioned with minimum disturbance of rubber particle structure. After staining with osmium tetroxide (OsO 4 ) which reacts with unsaturated double bond of rubber molecule, it was observed under TEM that the sulphur and γ-radiation systems caused homogenous crosslink inside each rubber particle. However, a non-uniform network, a dense network near the particle surface, was noticed in the sample employing peroxide [2, 3] .
Due to the fact that epoxidation is one of the most useful methods for the improvement of poor oil resistance of NR [6, 7] , the prevulcanization of ENR latex should be investigated. It was reported that sulphur vulcanization (SP) in solid ENR 50 (ENR having 50% epoxidised units), by using only sulphur, was faster than that of NR due to the isolated double bond in ENR inhibiting the formation of intramolecular sulphide linkage [7] . By γ-radiation (RV) in the presence of trimethylolpropane triacrylate, the crosslinking and oxidation at double bonds of ENR simultaneously took place with the ring opening reactions [8] . Data of the swelling ratios of films cast from ENR 25 and from NR latices, prevulcanized by using sulphur, zinc oxide (ZnO) and zinc diethyldithiocarbamate (ZDEC) systems, indicated that the vulcanization of ENR latex was more effective than that of NR [9] . TEM micrographs showed a uniform network structure in each SPENR particle and a relative dense network near the surface in RVENR particle when carbon tetrachloride and n-butyl acrylate were used as sensitisers. The observed dark layer surrounding RVENR particle was possibly derived from protein-lipid complex and/or related to the heterogeneity of epoxidation reaction within each particle.
In the present work, we describe our study of the not yet reported morphology of peroxide-prevulcanized ENR particle in order to gain a better understanding of the vulcanization mechanism. ENR latex was prepared by in situ reaction using performic acid. Proton nuclear magnetic resonance spectroscopy ( 1 H-NMR) and differential scanning calorimetry (DSC) were applied for determination of its epoxide content. The stable ENR latex was then selected for prevulcanization by using tert-butyl hydroperoxide (t-BuHP)/fructose system. The peroxide prevulcanization (PP) of ENR latex mixed with NR latex (PP(NR/ENR)) was also prepared in order to investigate the distribution of generated radicals, i.e., the observable crosslink distribution, in the two rubbers. The phase transfer/bulk polymerization/TEM technique was applied to examine the particle morphology in the PP-ENR, PP(NR/ENR) and PP-NR/PP-ENR latex blends. The NMR spectrum of ENR in Fig. 1 depicted the signals of olefinic and methine protons at 5.1 and 2.7 ppm, respectively. The signal of ring-opened product(s) such as a diol (~3.4 ppm) and formate ester (~8 ppm) was not detected while the peak at 3.5 ppm corresponding to Nonidet P40, added to stabilise NR latex during epoxidation, was observed.
Results and discussion

Characteristics of ENR and PP-ENR latices
Moreover, data obtained from DSC in Fig. 2 confirmed that the degree of epoxidation increased with the increasing reaction times as reported in our previous works [9, 10] . Due to the latex stability, ENR latex prepared for 12 h, i.e., having 20% epoxidised units (ENR 20), was selected for peroxide prevulcanisation. Particle size distributions of ENR 20 and PP-ENR 20 latices are shown in Fig. 3 .
The broad particle size distribution of ENR with a large average size (6.2 μm), compared to that of NR, was possibly due to the aggregation of rubber particles.
Since the epoxide groups in ENR particle could interact with ethylene oxide moieties in Nonidet P40, the hydrodynamic volume of each particle would increase while the interparticle distance decrease. 
Volume (%)
0
Swelling ratios of PP-NR and PP-ENR latex sheets
Swelling ratios of rubber sheets prepared from PP-NR and PP-ENR latices plotted versus prevulcanization times are shown in Fig. 4 . In both cases, swelling ratios rapidly decreased with increasing reaction times and then approached constant value of 1100-1300% within 3 h, i.e., lightly vulcanized rubber was obtained [12] . The constant swelling ratio of PP-ENR film which was slightly greater than that of PP-NR may have derived from the difficulty of a bulky tSwelling ratio (%) BuHP radical to abstract hydrogen from -CH 2 -or to generate the rubber radical in ENR. However, signals of the ring-opened products, such as the methyl proton of tBuHP at about 3.7 ppm or shifting of the methine proton of the rubber molecule at 2.7 ppm, could not be detected by 1 H-NMR. It could possibly be stated that the alkoxy radical of peroxide did not act as a nucleophile to attack an oxirane which is an electrophilic center but instead, abstracted a hydrogen to provide the carbon radical. % Epoxide content determined from 1 H-NMR spectrum of PP-ENR was similar to that of parent ENR.
Morphology of PP-ENR particle
The phase transfer/bulk polymerization/TEM technique was applied for the study of the particle morphology of PP-ENR latex prevulcanized at various times. TEM micrographs of PP-ENR particles prevulcanized for 1, 2 and 5 h are, respectively, presented in Fig. 5(a)-(c) . All micrographs showed the two-phase morphology of the rubber phase (dark) dispersed in PS matrix (light). The non-spherical particle shape, clearly noticed in Fig.  5 (c) possibly resulted from sectioning process wherein the sample was compressed by the knife edge [2] . Similar to PP-NR, the dark threads of crosslinked rubber separated by unstained PS was caused by polymerization of the swollen styrene. When polymerization started, the produced long-chain PS provoked the phase separation between the two incompatible polymers leading to the expansion of the rubber networks [2, 3] . The size of PS domain occluded in rubber particles was controlled by crosslink density of the rubber as normally occurred in interpenetrating polymer networks (IPNs) [13] . Consequently, the lightly vulcanized PP-ENR, especially when using short prevulcanization time, could not hold its shape resulting in the rupture of the membrane surrounding the particle. However, sample obtained from the prevulcanization time of 5 h, Fig. 5 (c) did not show the dark layer of proteinlipid complex originally existed at rubber particle surface. It might be due to the fact that the rubber chains near the particle surface greatly swelled in styrene and, hence, the high expanded chains completely broke the membrane layer.
It should be emphasized that the non-uniform network structure, i.e., a dense network near the particle surface as compared to the central core, previously observed in PP-NR particle, was not noticed in PP-ENR [2] . It is not unreasonable to assume that the radical would readily react with the double bond of PP-NR near the surface and consequently was unable to freely penetrate into the inner particle. On the contrary, a number of double bonds in PP-ENR were already epoxidised and hence the radical was not impeded as compared to that of PP-NR. Since uniform crosslink distribution in each particle was obtained when the diffusion rate of radicals into the rubber phase was equal to the rate of vulcanization, it was concluded that the alkoxy radicals diffused into the inner region of PP-ENR particle. Fig. 6 (a)-(b) . In Fig. 6 (b) , a uniform crosslink structure in rubber particle, without protein-lipid membrane, and the protruded polymer chains were clearly noticed. Instead of the separated particle, Fig. 6 (a) shows the attached ENR and NR particles which were possibly caused by redistribution of the surfactant among the blended particle surface [14] . Consequently, the difference in the partition of generated radicals between NR and ENR phases shown by the crosslink structure could not be identified.
Morphology of PP(NR/ENR) and PP-NR/PP-ENR latex blends
In Fig. 6 (a)-(b) , TEM micrographs of 90:10 and 80:20 of PP-NR/PP-ENR blends, prevulcanization time of 5 h, are presented. In these cases, the broad size distribution and ovular shape of separated rubber particles having their boundary were clearly observed. This morphology correlated well with that of the PP-NR previously reported, i.e., lightly crosslinked core region surrounded by dense shell near the particle surface was noticed [2] . However, the morphology which related to that of the PP-ENR, as shown in Fig. 5 (c) , could not be detected. It might be due to the fact that the non-polar PP-NR particles favourably transferred and then swelled in styrene. Therefore, the phase transfer/bulk polymerization/TEM technique could not be used to distinguish PP-NR from PP-ENR particles.
Experimental part
Latex and reagents
Commercial high ammonia (HA)-preserved NR latex concentrate (Rayong Bangkok Rubber Co. Ltd., Thailand) (60% dry rubber content (DRC)) was filtered through a 250-mesh aluminum screen before use. Particle size of NR latex was determined by a laser particle size analyser (Mastersizer 2000, Malvern) at 25 o C using 1% aqueous solution of nonylphenylpoly(ethylene glycol) (Nonidet P40) (Fluka, Biochemika) as a medium. The average value of each sample was calculated from three measurements.
Synthesis and characterization of ENR latex
HA-NR latex (200 g) was diluted to 30% DRC by adding distilled water (100 g) mixed with Nonidet P40 (3 g). The epoxidation was carried out by using 85% formic acid (Carlo Erba, RPE) and 30% aqueous solution of hydrogen peroxide (BDH, AR) according to the methods described elsewhere [9, 15] .
The glass transition temperature (T g ) of ENR latex film was measured by DSC (DSC7, Perkin Elmer) at the first heating scan from -100 to +30 o C at the heating rate of 10 o C/min. Its epoxide content was calculated from the 1 H-NMR (DPX400, Bruker) spectrum as explained in the previous work [9, 15] .
Preparation and characterization of peroxide-prevulcanised latices
Formulations used for preparation of PP-NR and PP-ENR latices are presented in Tab. 1.
Peroxide emulsion, prepared by mixing t-BuHP solution (Fluka, Purum) with distilled water and SDS solution (Fluka, GC), was added, while stirring, into NR latex followed by D-(-)-fructose solution (Fluka, Bacteriology) and water. Prevulcanization was carried out at 60 o C in the reaction vessel equipped with a condenser and thermometer. Aliquots were taken at time intervals and rapidly cooled down to room temperature before being dried on petridish. At the end of reaction, the vessel was quickly immersed in a water bath at room temperature. Particle size of the latex was measured as already mentioned. In order to determine the crosslink density, the dried rubber sheet was cut into a square piece of known weight (~0.2 g) and then immersed in toluene (Fluka, Commercial) (40 ml) to equilibrium swell. The swelling ratio of the rubber was calculated as formerly described [2] . 
Tab
Preparation of latex blends
Two types of latex blends, i.e., NR mixed with ENR prior to prevulcanization (PP(NR/ENR)) and PP-NR blended with PP-ENR (PP-NR/PP-ENR) latices, were prepared. The blending ratios were varied from 90/10, 80/20, 70/30, and 60/40 (based on the rubber dry weight) and the solid content of each blend was adjusted, with distilled water, to 25 wt%. The swelling ratios of the films cast from prevulcanized latex blends versus prevulcanization times were gravimetrically determined.
Preparation of sample for morphological study
The prevulcanized latex particles (3% total solid content) (15 g) were transferred from the aqueous phase into the styrene monomer (Fluka, Purum) (30 g) by titration with an aqueous solution of 0.0121M BHAC (Fluka, Purum). The remaining steps for incorporating rubber particles in polystyrene (PS) by bulk polymerization were conducted as described in the previous work [2] . Micrographs of crosslinked rubber particles embedded in PS after being stained with OsO 4 vapor (1%) (Electron Microscopy Sciences) were obtained by using TEM (H-7500, Hitachi).
